benefits of conservation tillage with the yield benefits of conventional moldboard plow tillage (e.g., Pierce et Red clover underseeded in cereals can produce large quantities of plant biomass and it fixes N in the nodules, which can in turn provide the equivalent of 90 to 125
C onservation-tillage systems, such as no-till, have kg N ha Ϫ1 to the following crop (Bruulsema and Christie, been demonstrated to have several advantages 1987) . In addition, RC can be effective in cool-temperover conventional moldboard plow systems, including ate climates for increasing microbial biomass, improving reduced soil erosion and surface runoff, slower loss of the structure of fine-textured soils (Drury et al., 1991) , soil organic matter, and lower production costs. Howand for accelerating the decomposition of surface crop ever, there are many reports of reduced corn emergence residues (Drury et al., 1999) . It was consequently hyand yields under no-till relative to conventional till on pothesized that including RC underseeding in a crop fine-textured soils in humid and cool temperate clirotation might further improve the potential yield and mates. This appears to be primarily a result of spring soil quality benefits of zone tillage on fine-textured soils. soil conditions that are cooler (Graven and Carter, 1991;  The objective of this study was to determine, for a Fortin and Pierce, 1990; Fortin and Pierce, 1991) and clay loam soil in southern Ontario, if zone tillage and wetter (Fortin, 1993) relative to conventional tillage, RC underseeding could achieve corn yields comparable plus other factors such as increased soil bulk density with conventional moldboard plow tillage, but still reand strength (e.g., Hill, 1990; Pierce et al., 1992) , detain most of the soil quality, environmental, and reduced creased soil air-filled porosity and saturated hydraulic energy inputs of no tillage. To accomplish this, convenconductivity (e.g., Pierce et al., 1992) , and desiccation of seeds or seedlings through reopening of the planting tional moldboard plow tillage, no tillage, and zone-tillage slot produced by the no-till planter (Drury et al., 1999) .
systems were applied to a winter wheat-corn-soybean Zone tillage has been proposed as a possible alternarotation, with and without RC underseeded in the wintive tillage system that may combine the soil quality ter wheat. Evaluations were made on the basis of corn emergence, corn yield, and near-surface soil physical beside and 5 cm below the seed. When the corn had four
MATERIALS AND METHODS
visible collors (6-leaf stage), N (28% UAN) was injected (148
Experimental Design and Agronomic Operations
kg N ha
Ϫ1
) in a band 15 cm away from the row at a 10-cm depth. All plots were sprayed with 1.8 kg ai ha Ϫ1 glyphosate [NThree adjacent fields were established in the fall of 1996 (phosphonomethyl) glycine] plus 1.0 kg ai ha Ϫ1 2,4-D [(2,4-on a Brookston clay loam soil at Woodslee, ON (42Њ 13Ј N dichlorophenoxy) acetic acid] in the fall to kill perennial lat., 82Њ 44Ј W long.), so that each crop in the winter wheatweeds, RC, and volunteer wheat. At the time of corn planting, corn-soybean rotation would be present each year during the all plots were sprayed with 1.68 kg ai ha Ϫ1 pendimethalin [N-1997-2000 study period. In the plow layer (top 15 cm), the (1-ethylpropyl)-3,4-dimethyl-2,6-dinitro benzene-amine] plus soil has an average texture of 28% sand, 35% silt, and 37%
1.0 kg ai ha Ϫ1 atrazine (2-chloro-4-ethylamino-6-isopropylamclay, and an average organic C content of 20 g kg Ϫ1 (under ino-s-triazine) pre-emergence, to control newly emerging long-term conventional tillage). The climate is humid, and weeds. cool-temperate, with a mean annual air temperature of 8.7ЊC, and an average annual precipitation of 827 mm. The treatments were a 3 by 2 factorial arrangement of tillage and RC
Measurements
underseeded in winter wheat with four replicates. The treatments included CT, ZT, and NT, each with or without red Corn Emergence and Yield clover (Ϯ RC) underseeded in the winter wheat phase of the Corn emergence was measured between four to twelve rotation. The treatment plots were 20 m long by 9 m wide. times per week over 2 to 3 wk until all of the viable plants Conventional tillage consisted of moldboard plowing in the emerged. Four 2-m row lengths per plot were marked with fall to a 15-cm depth, with secondary disking and harrowing flags after planting to measure both the emergence rate and in the following spring just before planting (May-June). Zone final crop stand. Plants were counted every 1 to 2 d within the tillage was performed in the fall using a Trans Till (Row Tech marked areas until emergence was complete. Two subsamples Inc. Snover, MI) single shank unit with a wavy coulter on were harvested from each plot with three rows of corn (20 m either side of the shank to produce tilled strips that were 21 cm long) in each subsample on 6 Nov. 1997, 16 Nov. 1998, 29 wide, 15 cm deep, and spaced 75 cm apart. Corn was planted Oct. 1999, and 15 Nov. 2000 with a Gleaner combine (Allis directly into the tilled strips in the following spring without Chamers, Millwaukee, WI). Total corn grain yields and grain further tillage. All phases of the rotation receiving convenmoisture content were measured and yields were normalized tional tillage are plowed in the fall every year, the treatments to 150 g kg Ϫ1 grain moisture content. receiving no-till are never plowed and those receiving zone tillage are tilled in the fall before corn and were not tilled Surface Residue before the soybean and winter wheat phases of the rotation.
No tillage produced no disturbance of the soil except for Surface residue weights were measured 4 to 5 times per that caused by the no-till planter. Before the establishment growing season from 1997-2000. The residue was collected of this study, the conventional-till and no-till plots had been from the soil surface within 20 by 76 cm metal rectangles in place under a winter wheat-corn-soybean rotation since placed perpendicular to the corn rows with two measurements 1993. The zone-till treatment was introduced into a subset of made in every plot (n ϭ 8). The residue was oven-dried at the no-till plots in the fall of 1996. The data reported here 80ЊC and any soil adhering to the residue was removed before apply only to the corn phase of the rotation from 1997-2000. a dry residue mass was determined. The sampling areas were Corn was planted (76 100 seeds ha Ϫ1 ) in 75-cm rows for all weed-free and no living plant material was included in the three tillage treatments using a John Deere 6-row no-till Max residue sample. Emerge planter (Deere and Company, Moline, IL) equipped with 45.72-cm (18-inch) 
ripple and bubble coulters to open
Soil Moisture and Temperature and close the planting slot, plus residue managers to improve the seed bed. The planter was adjusted among tillage treatVolumetric soil water content measurements were made in ments to ensure that the same 4-cm planting depth was situ in the corn row midway between plants three times per achieved for each tillage treatment. Planting was delayed in week at the 0-to 5-and 0-to 30-cm depths in four replicates 1997 and 2000 because of wet soil conditions resulting from of each treatment using time domain reflectometry (Topp et high spring rainfall (Table 1) . The delay was long enough in al., 1980; Topp, 1993) . The 0-to 5-cm depth measurements 1997 to require an early-maturing 2950 corn heat unit (CHU) were made only during germination and early growth (from variety (Pioneer 3752), whereas in 1998, 1999, and 2000 a planting to about the 6-leaf stage), while the 0-to 30-cm depth normal 3250 CHU variety (NK Max 21) was used. To encourmeasurements were made for the entire growing season (from age early plant growth, liquid fertilizer (55 L ha Ϫ1 ) was applied planting to the end of August). Soil temperature was measured with the seed to provide 5.6 kg N ha Ϫ1 , 9.8 kg P ha Ϫ1 , and 9.3 during germination and early growth using four thermocoukg K ha Ϫ1 . Nitrogen (22 kg N ha Ϫ1 ), P (38 kg P ha Ϫ1 ), and K ples inserted horizontally into the undisturbed soil profile at (37 kg K ha Ϫ1 ) were also applied at planting in a band 5 cm 5-and 10-cm depths in two replicates of each treatment. The temperature measurements were made continuously and inte- for these months (Table 1) . Corn in all treatments was
The cores and grab samples were used to determine dry bulk consequently stressed at the end of July; however 84 mm density (Culley, 1993) , air-filled porosity (porosity minus voluof rain fell between August 1st and 10th with a total of metric water content at Ϫ100 cm pressure head), plant-avail-128 mm for August, which was 56% greater than the able water capacity (volumetric water content at Ϫ100 cm 30-yr average rainfall.
pressure head minus volumetric water content at Ϫ15 bar
The 1998 corn emergence rates were greatest under pressure head, Topp et al., 1993) , and saturated hydraulic the conventional-tillage treatments, much slower under conductivity (Reynolds, 1993) . Soil grab samples were colthe no-tillage treatments, and intermediate under the lected from each treatment from 1997 to 2000 at a depth of zone-tillage treatments (Fig. 1 ). For example, after 8 d, 0-to 5-cm to determine near-surface treatment effects on wet the conventional-tillage treatments had a 56% emeraggregate stability (Kemper and Rosenau, 1986) .
gence rate, which was significantly greater than the zone-tillage treatments (19%), which in turn was signifiStatistical Analyses cantly greater than the no-tillage treatments (3%).
A 3 by 2 factorial randomized complete block design was
There were no significant effects of RC on corn emerused with four replicates. Treatment and interaction effects gence at 8 d. Final plant stands were statistically similar were tested for statistical significance using analysis of variance for the conventional-tillage and zone-tillage treatments (SAS Institute, 2001) . When interactions between tillage and (80-86%), whereas they were both significantly greater red clover treatment were not significant, we also evaluated than the no-tillage treatments (52%). Corn emergence main effect means using a least-significant-difference test rates were affected by RC in the zone-tillage treatments
only, where corn emergence was faster under ZT than under ZT ϩ RC especially between the 9th and 12th
RESULTS AND DISCUSSION
day after planting. In 1998, there were significant tillage and RC effects
Precipitation and Corn Performance
on corn grain yields ( Table 2 ). The corn grain yields for Year 1997 the CT ϩ RC, CT, and ZT ϩ RC treatments were similar but significantly greater than the yields for ZT, The May and June rainfall in 1997 were 48 and 8%, NT ϩ RC, and NT (P ϭ 0.1). The no tillage without respectively, above the corresponding 30-yr averages RC underseeding (NT) and NT ϩ RC treatments had (Table 1) , which delayed corn planting until June 10.
by far the lowest corn grain yields (2.64 and 3.61 Mg The rainfall in July, on the other hand, was 47% below ha
Ϫ1
, respectively) which were 61 to 70% lower than the 30-yr average, while that in August was virtually the two corresponding conventional-tillage treatments the same as the 30-yr average (Table 1) .
(8.92 and 9.26 Mg ha Ϫ1 ). Red clover underseeding inCorn emergence in 1997 was very rapid under the creased yields by an average of 21% across the three conventional tillage treatments, but much slower under tillages (4% for CT, 37% for NT, and 40% for ZT). zone-tillage and no-tillage treatments (Fig. 1) . By Day
The 1998 corn grain yields were 5 to 60% lower than 5, 26 to 32% of the corn plants had emerged in the conthose in 1997, probably because of the 28 to 55% lower ventional-tillage treatments but no plants had emerged rainfall in May-July relative to the corresponding 30-yr on either the zone-tillage or no-tillage treatments. Fifty averages ( Table 1 ). The particularly low yields for the percent corn emergence was reached in the conventwo no-tillage treatments were probably caused at least tional-tillage treatments by Day 6, which was signifipartially by severe seed and seedling desiccation after cantly greater than the emergence rates for both the pronounced reopening of the planting slots in those zone-tillage and no-tillage treatments. Between 9 to 10 d treatments. were required for 50% emergence in zone-tillage and no-tillage treatments. Red clover had no significant efYear 1999 fect on emergence rates, except for zone tillage between approximately Day 7 and Day 10, where corn emerged
The precipitation in 1999 was above the 30-yr average faster under ZT ϩ RC relative to ZT. Final plant stands for April, but well below the 30-yr averages in May, were not significantly different between tillage or RC June, July, and August (Table 1 ). In particular, the May treatments with emergence rates of 95% for the conven-1 through August 31 rainfall (172.3 mm) was only about tional-tillage treatments, 91% for the zone-tillage treathalf the 30-yr average (340.8 mm). The corn plants conments, and 87% for the no-tillage treatments.
sequently had a high emergence rate ( Fig. 1) and initial Despite the late planting date and slow emergence growth, but then became severely drought stressed (es-(for the zone-tillage and no-tillage treatments), corn pecially during the grain filling period) which resulted grain yields were high for all treatments in 1997, ranging in low grain yields for all treatments (Table 2 ). from 9.1 to 9.8 Mg ha Ϫ1 (Table 2 ). There were no signifi-
The 1999 corn emergence rates were rapid and very cant tillage, RC, or tillage ϫ RC interaction effects with similar among all six treatments (Fig. 1) . Final plant stands were also high and no significant difference was respect to corn grain yields (Table 2) . found among treatments, with emergence being 88 to that were greater than no tillage by 21 and 25%, respec-91% for the two conventional-tillage treatments, 94 to tively. 95% for the two no-tillage treatments, and 91 to 93% for the two zone-tillage treatments. We believe this ocYear 2000 curred because 26.5 mm of rain fell during the 3 d after
The 2000 growing season was very wet, exceeding the planting (21-23 May 1999), and because the planter slot monthly and cumulative 30-yr averages by substantial did not reopen in the two no-tillage treatments, as it margins (Table 1) . As a result, corn planting was delayed had in 1997 and 1998. by wet soil conditions until June 2. Corn emergence Corn grain yields in 1999 were similar for the convenrates were rapid, although slower for the two no-tillage tional-tillage and zone-tillage treatments (4.4-4.7 Mg treatments relative to the other treatments (Fig. 1) . For ha Ϫ1 ), but lower for the no-tillage treatments (3.7 Mg example, after 8 d, conventional-tillage treatments had ha Ϫ1 ), which resulted in a significant tillage effect 58% emergence, which was significantly greater than (Table 2) . Red clover underseeded in the previous winthe zone-tillage treatments (44%), and the zone-tillage ter wheat crop did not improve corn grain yields in 1999, treatments had significantly greater emergence than noand no significant interactions between RC and tillage tillage treatments (11%). Red clover did not affect occurred. Averaged over the RC treatments, conventional tillage and zone tillage produced corn grain yields emergence in 2000. Final plant stands were nonetheless (n ϭ 4) . * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level.
uniformly high for all treatments (Ն90%), and no signifacross years (Fig. 2) . Residue cover over the two convenicant tillage or RC effects were evident.
tional tillage treatments varied from highs of 0.1 to 1.8 Corn grain yields were substantial and fairly uniform Mg ha Ϫ1 in the spring to lows of Ͻ0.2 Mg ha Ϫ1 in the in 2000, ranging from a low of 8.25 Mg ha Ϫ1 for ZT to fall. Surface residue over the four conservational-tillage a high of 9.02 Mg ha Ϫ1 for CT ϩ RC, with no significant treatments, on the other hand, ranged from highs of 2.6 tillage, RC or tillage by RC interaction effects (Table 2) . to 7.4 Mg ha Ϫ1 in the spring, to lows of 0.9 to 3.1 Mg ha Ϫ1 in the fall. Note that 1999 was an exception in that residue covers did not decline appreciably over
Comparison of Average Corn Yields
the growing season for any of the treatments. This was The treatments were compared using corn grain yields attributed to the very dry 1999 growing season (Table 1) , averaged over 1998, 1999, and 2000 (Table 2 ). The 1997 which undoubtedly limited biological decomposition on yields were excluded from the comparison because the the soil surface. In October 1997, 1998, and 2000, ZT ϩ NT treatment was missing for that year. There was a RC had, respectively, 33, 49, and 31% less residue cover highly significant tillage effect (P Յ 0.001) and a signifithan ZT; and in 1998 and 2000, NT ϩ RC had 35% less cant RC effect (P Յ 0.05) and the interaction between residue cover than NT (Fig. 2) . Red clover has a low tillage and RC treatment was not significant (Table 2) . C/N ratio as a result of symbiotic N fixation and it also Averaged over the RC treatments, the 3-yr average of has a considerable amount of soluble C, which has been the corn grain yields from 1998-2000 were significantly found to stimulate biological activity (McKenney et al., greater (P Յ 0.001) for the conventional-tillage treat-1993). Hence, it is readily decomposed by soil microorments (7.44 Mg ha Ϫ1 ), than the zone-tillage treatments ganisms, which leads to an increase in soil ammonium (6.71 Mg ha Ϫ1 ), which was in turn significantly greater through mineralization. In contrast wheat straw residue than the corn grain yields for the no-tillage treatments has a high C/N ratio and its decomposition is limited (5.17 Mg ha Ϫ1 ). Averaged over tillage treatments, inby available N. Hence the additional supply of inorganic cluding RC in the rotation resulted in significantly (P ϭ N from RC decomposition probably contributed to the 0.05) greater corn grain yields (6.70 Mg ha
Ϫ1
) than treatdecomposition of wheat straw, which was underseeded ments without RC (6.18 Mg ha
). Although the convento RC. The accelerated decomposition of wheat residues tional-tillage treatments produced the greatest average by including RC in the rotation, was observed previously yields, the ZT ϩ RC yield was only 4% lower than by Drury et al. (1999) . CT ϩ RC and only 1% lower than CT. The average NT ϩ RC yield, on the other hand, was 29% lower than
Soil Temperature and Water Content
CT ϩ RC and 27% lower than CT. Red clover resulted in an average yield increase of 9% across all tillages;
During the emergence and early growth periods of and was especially effective for zone tillage, producing 1997-1999, the two conventional-tillage treatments had an average yield increase of 17% relative to no RC.
slightly greater average soil temperatures at the 5-and Consequently, ZT ϩ RC appears capable, on average, 10-cm depths than the other treatments (Table 3 ). There of producing corn yields, which are competitive with was also a tendency during those years (notwithstanding those from CT on a Brookston clay loam soil under a a few exceptions) for the two no-tillage treatments to winter wheat-corn-soybean rotation.
have the lowest temperatures, and for the two zonetillage treatments to have intermediate temperatures
Surface Crop Residue
relative to the conventional-tillage treatments. There was little difference among any of the average soil temAs expected, crop residue on the soil surface varied substantially with tillage treatment, time of year and peratures in 2000, although CT clearly had the greatest soil temperature at the 10-cm depth, while both CT and 0-to 30-cm depth, on the other hand, there was a tendency (albeit not entirely consistent) for average soil NT had the greatest temperatures at the 5-cm depth. It was also noted that RC underseeding had no apparent water content to change with tillage, that is, the two conventional-tillage treatments yielded the lowest valeffect on average soil temperature, except in 2000 where RC underseeding tended to produce slightly lower averues, the two zone-tillage treatments generally yielded intermediate values, and the two no-tillage treatments age temperatures at the 5-cm depth (especially for NT ϩ RC). Given that the average soil temperatures were all usually yielded the highest values. The average soil water contents at the 0-to 5-cm depth were very low in above 20ЊC, it is unlikely that temperature contributed in any major way to the highly variable corn emergence 1998 and 1999 for all treatments, which is consistent with the very low May and June rainfall during those patterns and plant stands observed among treatments (in 1997 and 1998) and among years (Fig. 1) .
years (Table 1) . By the same token, the relatively high average water contents for all treatments at the 0-to Average soil water content at the 0-to 5-cm depth was slightly lower under CT and CT ϩ RC in most 5-cm depth in 2000 reflect the high May and June rainfall for that year (Table 1) . As expected, the average water years, but no trends or patterns in water content were evident among the other treatments (Table 3) . At the contents at the 0-to 30-cm depth were generally much greater than at the 0-to 5-cm depth, and the yearmoderate to high corn yields for those years (Table 2 ). In 1998 and 1999, however, the average soil water contents to-year variation in water content followed the same general pattern as that of the 0-to 5-cm depth. It was were at or below the PWP limits (Table 3) , which is again consistent with the moderate to very low corn noted that RC underseeding had a significant effect on average soil water content over the depth ranges yields for those years (Table 2) . investigated in 1999. In all the tillage treatments, RC underseeding had greater soil water content relative to Soil Physical Quality no RC.
Cone Penetration Resistance Many field crops tend to perform best when average root-zone water contents fall within a range defined at
The variability and overall shapes of the cone penetrathe wet end by the soil's field capacity (FC) water contion resistance profiles changed substantially between tent and at the dry end by the soil's permanent-wilting 1998, 1999, and 2000 (Fig. 3) . This most likely occurred point (PWP) water content (Kramer, 1969) . The depthbecause cone penetrometer measurements can be very averaged FC and PWP water contents for the soil were sensitive to small changes in soil bulk density, water 0.36 and 0.25 m 3 m
Ϫ3
, respectively, over the 0-to 5-cm content, texture, organic C content, and structure (e.g., depth, and 0.32 and 0.20 m 3 m Ϫ3 , respectively, over the Bengough et al., 2001) . Among-year variability may also 0-to 30-cm depth. Average water contents at 0 to 5 cm have been exacerbated by the fact that each year's meaand 0 to 30 cm were within the FC and PWP limits in surements corresponded to a different (although adjacent) field. It is unlikely, however, that soil water content 1997 and 2000 (Table 3) , and this is consistent with the contributed substantially to among-treatment variability patterns are consistent with the above PR results in that greater average PR in the 0-to 30-cm depth range within each year (or field) because water content differences were small at the time of the penetrometer meacorresponds with lower yields (Table 2) . In 1999, both tillage and RC effects were evident, surements, and water content did not correlate with penetration resistance (PR) (data not shown).
with tillage having a far greater effect than RC (Fig. 3) . Over approximately the 5-to 25-cm depth, the two noIn 1998, a tillage effect on cone PR was clearly evident over about the 5-to 30-cm depth, with the two no-tillage tillage treatments produced the greatest PR values, with NT ϩ RC producing slightly greater values than NT. treatments yielding the greatest PR values followed by the two zone-tillage treatments and then the two conFrom about 5 to 13 cm, the two conventional-tillage treatments produced greater PR values than the two ventional-tillage treatments (Fig. 3) . A RC effect was evident only for no-tillage, with NT ϩ RC yielding zone-tillage treatments, while from about 20 to 30 cm the two zone-tillage treatments produced greater values greater PR values over the 5-to 30-cm depth than NT. Bengough and Mullins (1991) suggested that the growth than the two conventional-tillage treatments. It is also interesting to note that the small effects of RC on PR rate of corn seedling roots in sandy loam soils decrease linearly with increasing PR, resulting in a 50% reduction were reversed for conventional tillage relative to the other tillages within the 5-to 13-cm depth range. All at PR approximately 2000 kPa. Comparable results were reported in Bennie (1996) , where it is showed that 70 d six treatments reached or exceeded the PR ϭ 2000 kPa value where root growth may be reduced by Ն50% growth in lysimeters at PR ϭ 2000 kPa produces about a 66% reduction in corn root length relative to uncombecause of excessive soil strength (Bennie, 1996; Bengough and Mullins, 1991) . This was likely because of pacted controls (PR~500 kPa). Our corn grain yield the very dry soil conditions both throughout the growing they had the greatest strengths during a normal rainfall year (1998), and excessive strengths in a low rainfall year season (Table 3) and at the time of the penetrometer measurements (data not shown). Note that the generally (1999). Red clover did not have important or consistent effects on soil strength under any of the tillage treathigh average PR values correspond to the substantially lower 1999 corn grain yields for all treatments (Table 2) . ments in any of the 3 yr (Fig. 3) . As mentioned above, corn grain yield tended to be negatively correlated with The PR profiles further indicate that the average soil mechanical resistance to crop root growth in the top average soil strength, in that lower average PR corresponded with greater yield. 20 cm of soil was lowest under the two zone-tillage treatments, greatest under the two no-tillage treatments, and intermediate under the two conventional-tillage Additional Soil Parameters treatments. As in the previous year, these average PR Bulk density ranged from a high of 1.48 Mg m Ϫ3 (CT ϩ values correlate with yield in that corn grain yield was RC, 2000) to a low of 1.28 Mg m Ϫ3 (ZT ϩ RC, 2000) the greatest under the zone-tillage treatments (albeit by (Table 4 ). Significant tillage effects occurred in all 3 a small margin), intermediate under the conventional yr, and significant RC and tillage by clover interaction tillage-treatments, and lowest under the no-tillage treateffects occurred in 2000. The optimal bulk density for ments (Table 2) .
root growth in fine-textured soils is on the order of 0.8 In 2000, the PR values were generally much lower to 1.2 Mg m Ϫ3 (e.g., Olness et al., 1998 , Reynolds et al., than in 1998 (Fig. 3) . In addition, PR increased 2002), and root growth often stops completely in clayey approximately linearly with increasing depth for all soils at about 1.5 Mg m -3 (Veihmeyer and Hendrickson, treatments, ranging from near zero close to the soil 1948). Consequently, corn root growth was likely to surface to 1600 to 2200 kPa at 45-cm depth, with no have been somewhat impeded by high soil density for substantial differences among treatments. These results all six treatments, and especially under the CT ϩ RC are most likely the result of the substantially greater treatment in 2000. The ZT ϩ RC treatment had either precipitation (Table 1) and soil profile moisture conthe lowest, or among the lowest, bulk density in each tents (Table 3) throughout the 2000 growing season, of the 3 yr, while the two no-tillage treatments often relative to the 1998 and 1999 growing seasons. The slight had the greatest bulk density. This pattern is generally but sudden divergence of the CT, CT ϩ RC, and ZT consistent with the soil strength ( Fig. 3 ) and corn yield profiles at about the 18-cm depth (Fig. 3) is currently (Table 2 ) patterns mentioned earlier. unexplained, but may be related in some way to tillage
The air-filled porosities ranged from 0.14 to 0.20 operations in the previous fall (1999), which was much m 3 m Ϫ3 , with significant tillage and tillage by clover interwetter than average. The lack of difference in average action effects in 1999 (Table 4) . These values are, for PR over the 0-to 20-cm depth is consistent with the the most part, near or above the suggested minimum lack of difference among corn grain yields (Table 2) .
of 0.15 m 3 m Ϫ3 for adequate near-surface aeration in the Comparing the 1998-2000 PR results, it appears that root-zone of clayey soils (Cockroft and Olsson, 1997) . the two zone-tillage treatments produced the lowest Significant or frequent near-surface aeration deficits are overall soil strengths (i.e., lowest PR values) in a low therefore unlikely in any of the six treatments, and no rainfall year (1999), and intermediate overall strengths among-treatment patterns were evident. in a normal rainfall year (1998). Zone tillage was also Plant-available water capacity tended to be low, rangfound to decrease soil strength relative to conventional ing from 0.089 m 3 m Ϫ3 (NT, 1998) to 0.142 m 3 m Ϫ3 (ZT ϩ tillage in loam soils cropped to potatoes (Pierce and RC and NT, 2000) , with no significant RC effects but Burpee, 1995) and corn (Pierce et al., 1992) . The two significant tillage effects in 1998 and 1999 (Table 4) . no-tillage treatments tended to produce the greatest
The low values occurred despite large FC water contents overall soil strengths in the normal and low rainfall years ). It has been proposed tional-tillage treatments produced the lowest overall soil that plant-available water capacities greater than 0.20 strengths under normal rainfall (1998) and intermediate m 3 m Ϫ3 are required in fine-textured soils for optimal strengths under low rainfall (1999) . Under high soil root growth, function, and minimum droughtiness moisture conditions (2000), there were no substantial (Cockroft and Olsson, 1997) . Consequently, crops differences in soil strength among any of the treatments.
grown on all six treatments may be prone to periodic Given the treatment differences in PR often decrease with increasing soil moisture (Bengough et al., 2001) ). No amongthis result suggests that high soil moisture can override tillage effects on soil strength in Brookston clay loam. treatment patterns were evident. Saturated hydraulic conductivity (K sat ) ranged from a For the 3-yr period, it appears that the two zone-tillage treatments had the most favorable overall soil strength low of 4.2 ϫ 10 Ϫ4 cm s Ϫ1 (CT ϩ RC, 2000) to a high of 2.9 ϫ 10 Ϫ1 cm s Ϫ1 (ZT, 1999) , with significant tillage profiles, as they maintained lower soil strengths than the other treatments during a dry year (1999), reasonable effects in 1998 and 2000, but no significant RC effects (Table 4) . No distinct patterns were evident, although strengths during a normal rainfall year (1998), and similar strengths to the other treatments during a wet year the average K sat in 1999 was greater than in 1998 or 2000, which corresponded with greater soil surface cracking (2000). The two no-tillage treatments, on the other hand, had the least favorable soil strength profiles, as observed in 1999 owing to very dry soil conditions multiplier/divisor about geometric mean hydraulic conductivity) (n ϭ 8). * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level. (Table 3) . Saturated hydraulic conductivity values in the Overall Treatment Effects on Soil Physical Quality range, 10 Ϫ2 to 10 Ϫ5 cm s Ϫ1 , may provide an optimum Generally speaking, the six treatments did not have between the competing needs for rapid sorption into large or consistent effects on the measured soil physical the soil matrix of needed crop-available water, and rapid quality parameters during 1998, 1999, and 2000. Howdrainage of excess water that could cause water-logging ever, there was a tendency (albeit not entirely consistent and associated aeration deficits (Topp et al., 1997) . All or always statistically significant) for ZT ϩ RC to have treatments exceeded this range, except for the two connear-surface parameter values that were equivalent to ventional-tillage treatments in 2000. Thus all treatments or somewhat more favorable than those of the other tended to be prone to near-surface droughtiness because treatments (Table 4 , Fig. 3 and 4) . This implies as a infiltration and drainage in the near-surface soil may be consequence that the near surface soil physical quality too rapid to allow adequate sorption of crop-available under ZT ϩ RC tended to be equivalent to, or slightly water into the soil matrix. On the other hand, problems more favorable than, the soil physical quality under the associated with near-surface water logging, erosion, and other treatments. runoff are less likely.
Wet aggregate stability (WAS) was not consistently affected by tillage or RC (Fig. 4) . The WAS values were CONCLUSIONS of similar magnitude (≈60%) among treatments and Tillage and RC underseeding were compared on a years, except for the two conventional-tillage treatments clay loam soil in southern Ontario in terms of corn in 1997 and 2000 where WAS ≈ 30%. Generally speakperformance and soil physical quality. The tillage treating, RC increased the WAS slightly, however, this inments included fall zone tillage, no tillage, and convencrease was not always significant, and exceptions octional tillage using fall moldboard plowing. The cropcurred under conventional tillage in 1997 and 1998 and ping system was a winter wheat-corn-soybean rotation, under no-tillage in 2000 where the RC treatment prowith and without RC underseeding in the winter wheat duced a slight decrease. The reasons for these exceptions phase. Fall zone tillage with RC underseeding produced are currently unknown. In three of the 4 yr the ZT ϩ the greatest, or among the greatest, corn grain yields in RC and NT ϩ RC treatments had greater WAS than the two conventional-tillage treatments.
every year of the study, which included both wet and
